The near-equiatomic Mn-Al alloys are considered for possible applications as rare-earth-free permanent magnets due to the existence of a ferromagnetic τ -phase with L1 0 crystal structure and other attractive physical properties. However, this tetragonal phase is metastable and can only be obtained from a hexagonal -phase enriched in manganese. The partial atomic disorder can results in antiferromagnetic coupling of the Mn atoms occupying different sublattices. Moreover, the carbon addition, used to improve phase stability and coercivity, leads to the deformation of the unit cell and can affect the Mn-Mn coupling. To clarify this question, a series of magnetic measurements and neutron diffraction (ND) experiments in a wide temperature range was carried out on the Mn 55 Al 45 alloys doped with a small quantity of C. The materials were prepared by melt-spinning and subsequent annealing. Different methods of carbon introduction were tried, the best results were obtained by melting Mn and Al with Mn 23 C 6 . The structural and magnetic properties of the ferromagnetic and paramagnetic τ -phase as well as the precursor -phase were determined. The average magnetic moments on two sublattices were analyzed using the Weiss plot of the magnetometric data and the Rietveld refinement of the ND data. The dependence of the magnetic moments on the C content and temperature is reported. Ferrimagnetic behavior of the Mn-Al alloys with excess of manganese, caused by antiferromagnetic coupling and responsible for the decrease of magnetization with increase of Mn content, was confirmed.
I. INTRODUCTION
A T THE scale of the global economy, rare-earth elements are strategic and polluting metals. For those reasons, it is important to develop rare-earth free magnets with similar properties as rare-earth magnets to reduce the chemical and radioactive waste associated with their refining. Actually, it is not necessary to have magnets as powerful as the Nd-Fe-B magnets, especially in the case of electrical machines for automotive drives [1] , [2] . Indeed, the use of the double excitation (magnets and coils) and the modification of the design of the machines make possible to reduce the quantity of magnets at a constant power density.
The Mn-Al alloys whose potential has recently been shown do not present economic and ecological risks. The manganese (Mn) is an interesting element for the creation of new magnets, because this metallic element is abundant, not expensive and carries a strong magnetic moment. However, Mn atoms tend to couple antiferromagnetically, which cancels the magnetization. Mn atoms couple ferromagnetically when associated with diamagnetic and/or paramagnetic elements. This was first observed in Heusler alloys and later in Manuscript received March 10, 2017 equiatomic alloys, such as hexagonal MnBi or tetragonal (τ ) MnAl. Although manganese is only half of the atoms, the magnetization remains relatively high, over 100 A m 2 /kg. Since the hard magnetic τ -phase (L1 0 ) of Mn-Al is metastable, the melt-spinning route is suitable to form this ferromagnetic phase [3] - [5] . This synthesis technique allows to freeze the high temperature paramagnetic ε-phase, which transforms into the ferromagnetic τ -phase after annealing at around 823 K. However, the formation of τ -phase requires an excess in manganese, which can lead to partial antiferromagnetic coupling, i.e., ferrimagnetism. The addition of carbon stabilizes τ -phase and can have an effect on the magnetic coupling through the deformation of the crystal lattice [6] , [7] .
In principle, the magnetic moment of a ferromagnetic material can be determined by two methods: by measuring the saturation magnetization in the ferromagnetic state at low temperature, or by measuring the high temperature susceptibility. A Weiss plot (reciprocal susceptibility 1/χ versus temperature) allows to determine the Curie constant and the Curie temperature, and consequently, the magnetic moment per Mn atom in the paramagnetic state of τ -phase. According to Rhodes and Wohlfarth [8] , in equiatomic composition of Mn-M alloys (with M a metallic atom), the ratio between the paramagnetic moment and the ferromagnetic moment is 1, as the magnetism is expected to be of localized electron type because of the half-filled 3d-layer.
However, in our case, the excess of manganese results in partial atomic disorder with respect to ideal L1 0 structure, and the moment in the paramagnetic state is higher than the moment in the ferromagnetic state, which is a characteristic of itinerant electron magnetism. The available observations suggest that the ferromagnetism of the Mn-Al alloys is not perfect, there is either a non-collinear ferromagnetic coupling or ferrimagnetic coupling. In order to verify these hypotheses, powder neutron diffraction (ND) has been performed in a wide range of temperatures. From the Rietveld refinement of ND results, we can determine the average moment per Mn atom in both ferromagnetic (vector average) and paramagnetic (scalar average because of the localized electron magnetism mechanism) state of τ -phase. The ND results are then compared with the magnetic measurements, which give independent estimations of magnetic moments as functions of carbon content and temperature.
II. EXPERIMENTAL PROCEDURE
A straightforward way to obtain the tetragonal L1 0 ferromagnetic τ -phase is first freezing the hexagonal ε-phase. To achieve this, the ε-phase is synthesized by melt-spinning. The melt-spun ribbons are then annealed at 823 K in a tubular furnace under argon. Three routes were used to introduce carbon in (Mn 0.55 Al 0.45 ) 100−x C x alloys: 1) addition of small graphite pieces to the melt of manganese and aluminum; 2) filling aluminum tubes with graphite powder and melting them with manganese; and 3) melting manganese carbide with manganese and aluminum. Melting was realized by induction in cold crucible, the quantity of carbon introduced at this stage is 2 at.%. The final quantity of carbon in the samples, determined using the combustion method by Bureau Veritas, was 1.88% for the samples Synt 1 et 3 and 0.98% for sample Synt 2.
For the characterization, all samples were ground with pestle and mortar. The ND measurements were performed at the ILL, Grenoble, France, on the D1B instrument. The ND were realized in θ -2θ geometry in the angular range 0 < 2θ < 130°w ith a step of 0.01°at wavelength λ = 2.52 Å. The annealed samples where poured in a vanadium holder placed into a cryostat allowing measurements between 2 and 300 K.
The magnetic properties were determined by means of a LakeShore vibrating sample magnetometer (VSM). The measurements at high temperatures were carried out under argon flow from room temperature (294 K) to 523 K with a step of 50 K. Temperature cycles where performed on the samples in the ε-phase state from 294 to 900 K and then from 900 down to 294 K. High field magnetic measurements were carried out on all the samples in the τ -phase state at the INSP, Paris, France, up to 9 T at 20 and 300 K (Quantum Design PPMS VSM).
III. RESULTS AND DISCUSSION

A. Structural Characterization
Rietveld refinement was carried out on all ND diffractrograms using FullProf software (Fig. 1) . The background noise is much lower than in conventional X-ray diffraction (XRD), so it is easier to testify the absence of nonmagnetic phases (β, γ 2 ). For all samples, the patterns show single τ -phase. Regarding the lattice parameters, the results are presented in Fig. 2 . The parameters a and c increase with temperature. The ratio between c and a does not depend on the temperature, which means that the increase of both parameters is due to thermal expansion. The values obtained for the c parameter are the same for Synt 1 and 3, and are higher than those for Synt 2. Since the quantity of carbon is 1.88% for Synt 1 and 3, and only 0.98% for Synt2, the ND results confirm the influence of the carbon on the lattice parameter, especially on the c parameter. The graph of the ratio c/a shows the deformation in the c-direction due to the addition of carbon. At room temperature, the unit cell volumes for Synt 1, 2, and 3 are 27.72, 27.66, and 27.77 Å 3 , respectively. Since, without carbon, the volume (calculated from XRD) of the unit cell is 26.19 Å, it is clear that carbon increases the lattice volume, as an insertion element, by about 6% for Synt 3 for example. The density versus temperature curves shows a decrease of the density with temperature, which corresponds to the increase of the unit cell volume. Synt 3 presents the highest unit cell volume and the lowest density among the three samples.
ND was first carried out on ε-phase. The result presented in Fig. 3 shows two diffraction halos which in principle are typical of amorphous materials, whereas XRD gives regular patterns of the phase. Indeed, the coherent scattering lengths are 3.449 × 10 −15 m for Al, −3.730 × 10 −15 m for Mn, and 6.646 × 10 −15 m for C considering the interaction with thermal neutrons. Since the chemical formula is Mn 54 Al 44 C 2 , the total coherent scattering length is −0.3637 × 10 −15 m. As a consequence, the atomic disorder of the ε-phase leads to low intensity of ND. By contrast, the (partially) ordered crystal structure of the τ -phase containing alternate layers of Mn and Al shows strong diffraction lines.
B. Magnetic Structure: Mn Magnetic Moment
In order to determine the average magnetic moment of Mn atoms, two states of the τ -phase are considered here: the ferromagnetic state for temperatures below 600 K and the paramagnetic state for temperatures above 600 K. At high temperatures, above the Curie point (T c ), the magnetic moments of Neutron diffractogram of ε-phase for Synt 3 sample at room temperature.
Mn atoms are randomly oriented, whereas at low temperatures, the moments are ordered.
1) Average Mn Magnetic Moment in Ferromagnetic State:
As follows from high field measurements, the samples are not saturated even at H = 9 T, and therefore, the saturation magnetization is determined by extrapolation of 20 K hysteresis loops to infinite field. The magnetization versus 1/(μ 0 H) 2 is plotted in Fig. 4 for Synt 3 example. The asymptote gives the low temperature spontaneous magnetization M 0 = M(∞) according to equation
The average magnetic moment, − − → M F = qμ B , is related to the magnetization as follows:
where N A is the Avogadro constant and M mol = 41.77836 g/mol the Mn 54 Al 44 C 2 molar mass. The average number of Bohr magnetons per atom is q = 0.54 q Mn + 0.44 q Al + 0.02 q C . Since only Mn atoms present a magnetic moment in the samples, q Al = q C = 0 here. Finally, the average moment per Mn atom is given by expression
In the ferromagnetic state of τ -phase, a vector average of the magnetic moment is obtained. Considering the magnetic moments M 1a and M 1d at sites 1a and 1d (Fig. 5) , respectively, the calculated average expressed in Bohr units is presented by equation where n 1a and n 1d are the numbers of Mn atoms at these sites. The results for the three samples are presented in Table I . The polarization J and magnetization M are related by J = μ 0 ρ v M, where ρ v is the density calculated from the lattice parameters.
The addition of carbon decreases the average magnetic moment of the τ -phase in the ferromagnetic state, presumably as a result of modification of the band structure (Table I) .
2) Weiss Plot: The Weiss plot for Synt 3 sample is given as an example in Fig. 6 . The black curve describes the heating of the sample in the -phase and the drop reveals the ε → τ structural transformation. The red curve corresponds to cooling after the transformation. All the samples are paramagnetic above 600 K and the decrease of reciprocal susceptibility 1/χ on cooling is linear as represented by the blue line. This line gives the paramagnetic T c temperature by the intersection with the abscissa axis and the Curie constant C. The latter is related to the slope of this line, on the one hand, and to the average moment per atom on the other hand. Here, the measured magnetic moment is a scalar average of atom moments
where k B is Boltzmann's constant and μ 0 the vacuum permeability. The number of molecules per unit volume is
where ρ v = 5170 kg m −3 is the density (calculated from ND) for the samples at room temperature. Afterward, the average moment per Mn atom is calculated the same way as for the ferromagnetic state. In the paramagnetic state, the average is scalar, which can be written as the following function of Mn moments and occupancies:
The results presented in Table II show that the average moment in the paramagnetic state is much higher than in the ferromagnetic state, which can indicate the non-collinear nature of ferromagnetism in these samples.
C. Neutron Diffraction
The advantage of ND technique is its sensitivity to the magnitude and orientation of magnetic moments. With the FullProf software on ND diffractograms, it is possible to refine simultaneously the lattice parameters and magnetic moments of the Mn atoms [9] , [10] . All 1a sites are filled with Mn atoms, and the 1d sites are filled with Al atoms and the excess of Mn. The magnetism of both sites was first refined simultaneously. For all the diffractograms, the magnetic moment on the 1d site is in the direction opposite to the moment on the 1a site, which is a clear evidence of the ferrimagnetic nature of the samples. For Synt 2 sample, measurements were carried out from 10 to 531 K. Fig. 7 shows a decrease in intensity with the increase of temperature for all the peaks except for the plane (001). Magnetic moments are then oriented to the [001] axis, i.e., the c-axis is the easy axis of magnetization.
The variations of the moment carried by the 1d site with temperature are almost non-existent, and for this reason, the 1d site magnetic moment was fixed at
the refinements. This choice comes from a strong uncertainty for the 1d site, because only 5 at.% of the atoms at this site are Mn. Fig. 8 shows the evolution of the 1a site magnetic moment versus temperature for the three samples. The scale of the figure shows that the magnetic moment carried by Mn atoms on the 1a site decreases significantly with the increase of temperature, whereas for the magnetic measurements, we assume that the value of the moment does not depend on temperature. This decrease of the magnetic moment can be related to the increase of the unit cell volume with temperature, corresponding to a widening of the 3d magnetic band.
The ND results highlight also a higher 1a site magnetic moment for Synt 3 sample, synthesised from manganese carbide. The unit cell volume of this sample is higher than that of the other samples. As the magnetic moment on 1d site is significantly higher than the moment on 1a site, the increase of the distance between them decreases the antiferromagnetic coupling. The electrons are then more localized on the Mn atoms, which also explains the increase of the Mn magnetic moment on the 1a sites of Synt 3 sample. Then, the vector average of the magnetization can be calculated from (3) considering antiferromagnetic coupling between 1a and 1d sites − − → M F = n 1a q 1a − n 1d q 1d n 1a + n 1d − → u c
where − → u c is the unit vector along the c-axis. When comparing the ND and magnetometry measurements (Table III) , it is seen that the moment values are of the same order of magnitude and show the antiferromagnetic coupling between 1a and 1d sites, while the 1a sites are ferromagnetically coupled.
IV. CONCLUSION
In summary, we tried different methods to introduce carbon in the Mn-Al alloys and found that using Mn 23 C 6 as a source of C facilitates its dissolution in the Mn and Al melt. The melt-spinning route combined with proper annealing yields a single phase ferromagnetic material. The samples with higher carbon content have larger unit cell and higher magnetic moments of Mn atoms on 1a sites. Calculations of the average magnetic moment from the low temperature and high temperature (Weiss plot) measurements as well as the Rietveld refinement of the ND results reveal that Mn atoms on 1a and 1d sites of the L1 0 crystal lattice exhibit magnetic moments having opposite directions and different magnitudes. In other words, the Mn-Al-C τ -phase alloys with excess of Mn are ferrimagnetic. These results also demonstrate that the wide temperature range magnetometry can be used efficiently to determine the magnetic coupling.
